The Eulerian-Eulerian approach is used to simulate the two phase flow of air and water in a dissolved air flotation (DAF) tank. Unsteady simulation is adopted to obtain the quasi-steady result. The two dimensional model cannot capture the three dimensional feature of flow pattern in the tank. The three dimensional model reproduces the stratification structure observed in the experiment and obtains the satisfactory volume fraction of air bubbles in the separation zone. To account for the turbulence effect, four two-equation turbulence models are evaluated. Although all turbulence models capture the stratification structure in the separation zone, the re-normalization group theory (RNG) k-ε model obtains the best agreement with the experimental data. The effect of bubble diameter on the performance of DAF tank is simulated. Small air bubbles can form a big range of high volume fraction of air bubbles, which helps to remove the suspended matters.
INTRODUCTION
Dissolved air flotation (DAF) has been widely used to remove suspended matters such as oil and solids in wastewater treatment. A DAF tank in general consists of a contact zone and a separation zone (Edzwald ) . Dissolved air under high pressure is released into the water at atmospheric pressure in the contact zone. Tiny air bubbles adhere to suspended matters and form agglomerates, which float to the surface of water in the separation zone. The foam at the surface is then removed by scraper.
Lundh et al. (, ) measured local velocities and the distribution of air bubbles in the separation zone in a pilot DAF tank. The volume fraction of air bubbles and the hydraulic loading were shown to have significant influence on the flow pattern. The stratified flow and the plug-like flow were observed in the DAF tank. Although experimental studies can provide reliable data for the optimization of DAF, they are expensive and difficult to perform. Another alternative is to simulate DAF by using computational Fluid Dynamics (CFD), which obtains the velocity field and the air content in a DAF tank by solving the momentum equation and the continuity equation. The simplified two dimensional (2D) model of a DAF tank has been widely simulated (Fawcett ; Emmanouil et Results showed that the momentum transfer between water and air was crucial in the mixing of water and air in the contact zone. Emmanouil et al. () optimized the injection location of air bubbles under the condition of high-rate DAF. Lakghomi et al. () concluded that the bubble aggregation should be included in the CFD computation. A subsequent study by Lakghomi et al. () discussed the effects of bubble size on particle removal. Kostoglou et al. () incorporated flotation kinetic expressions into CFD computation and demonstrated a complex interaction between tank hydrodynamics and local flotation rates. Although all aforementioned studies obtained fruitful information on DAF performance, they didn't capture the true three dimensional (3D) characteristics of flow pattern in a DAF tank, since they were performed for a 2D model of a DAF tank (Bondelind et al. b) .
There are only a few 3D simulations for a DAF tank. Ta et al. () investigated the air/water interaction in both the contact zone and the separation zone for a 3D DAF tank by using the Eulerian-Eulerian multiphase model. The predicted velocity field was similar to the Acoustic Doppler velocimetry measurement in a DAF tank. Bondelind et al. (a) numerically simulated a single phase flow and a two phase flow for a 3D model. The single phase flow was reproduced well. However, a discrepancy between the predicted air volume fraction and the experimental data was found for the two phase flow simulation. In addition, the two phase flow simulation was faced with the stability of computation. It may come from the treatment of the secondary phase and the use of realizable k-ε turbulence model, which is less stable than the standard k-ε turbulence model and the re-normalization group theory (RNG) k-ε turbulence model due to the mathematical constraints on the Reynolds stresses. Chen et al. () investigated the effects of bubble size on the flow pattern in a 3D DAF tank by using the Eulerian-Eulerian approach as well as the Eulerian-Lagrangian approach and the realizable k-ε turbulence model. The Eulerian-Eulerian approach behaved better than the Eulerian-Lagrangian approach in predicting the volume fraction of air bubbles. However, the effects of turbulence model were not evaluated in the two phase flow simulation.
The aforementioned studies show that 2D simulations are more widely used than 3D simulations for a DAF tank. It may be due to less computational effort and simple computational domain of 2D simulations. However, the simplification of 3D model to 2D model implies the loss of geometry feature and thus the flow feature. Therefore, the choice of 2D or 3D simulation should be evaluated. This study aims to investigate two phase flow of air and water in a 3D DAF tank by using the Eulerian-Eulerian approach. The effects of geometry dimension and turbulence models on the flow field in the tank are discussed in detail.
COMPUTATIONAL MODEL
The Eulerian-Eulerian approach is used to describe the twophase flow of air and water in a DAF tank. The pressure is shared by two phases and each phase has its velocity. The mass conservation equation of each phase can be expressed as
where α q is the volume fraction of phase q, ρ q is the density of phase q,ṽ q is the velocity of phase q.
The volume fraction of primary phase is computed by
The momentum equation of each phase can be written as
where p is the pressure, μ eff is the effective viscosity, F ql represents the interphase force term between phases. The effective viscosity of each phase is calculated by the following equation:
where μ q is the laminar viscosity of phase q, μ t,q is the turbulent viscosity of phase q. The turbulent viscosity μ t is defined as follows:
for k-ε models or
for the shear-stress transport (SST) k-ω model. The transport equations of k-ε models can be written as follows:
where k is the turbulent kinetic energy, ε is the dissipation rate of turbulent kinetic energy, G k is the generation term of turbulent kinetic energy, C 1ε and C 2ε are parameters on the production and dissipation of ε, Г k and Г ε are diffusion coefficients of k and ε, respectively. Expressions of these parameters are shown in Table 1 . The value of C μ is 0.09 and 0.085 for the standard k-ε model and the RNG k-ε model, respectively. Compared with the standard k-ε model, the RNG k-ε model and the Realizable k-ε model make modifications to C 1ε as well as C 2ε and the dissipation term of ε, i.e., R ε , respectively. The transport equations of the SST k-ω model are presented in Equations (9) and (10):
where ω is the specific dissipation rate. α, α*, (see Equation (6)), β and β* are variables dependent on turbulent Reynolds number.
NUMERICAL METHODOLOGY
The simulated DAF tank has the dimensions of 1.7 m × 0.7 m × 1.24 m, as shown in Figure 1 . In order to discuss the effects of geometry model, both the 2D and the 3D models are considered. The 3D model views the water inlet, needle valves and the outlets as square openings. The 2D model actually implies that the water inlet, needle valves and the outlets are distributed over the width of the tank and the derivatives of all variables are zero with respect to the width direction. The present computational domain is basically the same as the computational system of Lundh et al. () . Triangular grid and tetrahedral grid are used to discretize the 2D model and the 3D model, respectively. The numbers of mesh are 94394 and 3022783 for the 2D model and the 3D model, respectively. Since the needle valve is very small, an interval of 0.0002 m is used to mesh the needle valve in the 3D model. The volume mesh is discretized by using an interval of 0.007 m. Large intervals may lead to difficulty in meshing and a bad computational result. Mesh is refined near needle valve and near the wall by using the size function in Gambit with a growth factor of 1.1. Two sets of grids, i.e., 2305467 grids and 3804565 grids, for the 3D model were also tested. Results showed that the present 3022783 grids can achieve satisfactory results. Water is defined as the primary phase in the computation. Water and air bubbles flow into the tank from the water inlet and the needle valve, respectively. The velocities and volume fractions of water and air are specified at the inlet. The turbulent intensity is 5% at the inlet. The hydraulic diameters at the water inlet and the needle valve are 0.2689 m and 0.0075 m, respectively. The pressure is fixed at the outlet of the DAF tank. No slip condition and free slip condition are set at the wall for water phase and air phase, respectively. The free surface of water is defined as degassing boundary condition so that the air bubbles can escape from the tank. Details of boundary condition are shown in Table 2 . The transport equations described above are solved by using Ansys Fluent. Second order upwind scheme is used to discretize the convection term. Pressure-velocity coupling is achieved with the Phase Coupled SIMPLE algorithm. In order to obtain good convergence, unsteady simulation with second order implicit scheme is carried out. A small time step can enhance the stability and requires more computational effort. As a compromise, a time step of 0.01 s is taken in the present simulation. The convergence at each time step is assumed when all residuals are less than 1.0 × 10 À3 . After the volume fraction of air bubble in the DAF tank is stable, the simulation continues to run for 30 s. The quasi-steady quantities are obtained by the time-averaging to data during the last 30 s.
RESULTS AND DISCUSSION
Evaluation of the 2D model and the 3D model Figure 2 shows the velocity field of water phase in the DAF tank for the 2D model and the 3D model. As shown in Figure 2(a) , a counter-clockwise vortex and a clockwise vortex were formed in the contact zone and the center of separation zone of the 2D model, respectively. Figure 2 Figure 2(c) . Apparently, there was a big discrepancy between Figure 2 (a) and 2(c). It means that the simulation for the 2D model cannot capture the 3D feature of velocity field in the DAF tank. Figure 3 illustrates the volume fraction of air bubbles in the DAF tank. The air bubbles kept nearly uniform in the contact zone of 2D model. In the low right corner of the separation zone of the 2D model, the volume fraction of air bubbles was very low. As for the 3D model, the air bubbles depicted a stratification along the vertical direction in both the contact zone and the separation zone. The predicted volume fraction of air bubbles in the upper part of the 3D model is greater than those of the 2D model. Figure 4 shows the vertical distribution of air bubbles along the line for the 2D model and the 3D model, respectively. Note that the position of x ¼ 1.35 m was outside the region of low volume fraction of air bubbles for the 2D model. Thus, a nearly uniform distribution of air bubbles was predicted for the 2D model, showing a big discrepancy with the experimental data. However, good agreement between the experimental data and the predicted result was obtained for the 3D model. The reason lay in that the 2D model cannot predict the stratification that existed in the DAF tank.
Evaluation of turbulence model
Turbulence model has a great effect on the simulation of two phase flow. The standard k-ε model, the RNG k-ε model, the realized k-ε model and the SST k-ω model were evaluated for the 3D model. The velocity fields for different turbulence models are shown in Figure 5 . The results predicted by the standard k-ε model, the realized k-ε model and the SST k-ω model tended to direct the water from the contact zone into the outlet, while the result predicted by the RNG k-ε model depicted the feature of stratified flow in the separation zone. The latter flow pattern was close to the experimental data measured by Lundh et al. () , as shown in Figure 2 (c). Figure 6 shows the distribution of air bubbles for different turbulence models. Although all turbulence models predicted the stratification of air bubbles in the vertical direction, the range of low volume fraction of air bubbles was enlarged by the standard k-ε model, the realized k-ε model and the SST k-ω model. The vertical distributions of air bubbles along the line of x ¼ 1.35 m and y ¼ 0.35 m for all turbulence models are illustrated in Figure 7 . All turbulence models predicted satisfactory results in the upper part of the separation zone. However, only the RNG k-ε model reproduced the experimental data well; the other three models overestimated the volume fraction of air bubbles in the low part of the separation zone. Figure 8 depicts the effect of bubble diameter on the distribution of air bubbles in the DAF tank. With the increase of bubble diameter, it was easy for air bubbles to aggregate in the upper part of the separation zone and to escape from the tank. Thus, the region of high air phase volume fraction for big bubble diameters was restricted in a very small range in the contact zone and the upper part of the separation zone. The maximum air phase volume fraction for a diameter of 120 μm was only 0.003, while the maximum air phase volume fractions for diameters of 40 μm and 80 μm were greater than 0.005. On the other hand, the collection efficiency is proportional to 1=d a b , where a is dependent on bubble diameter with values of 1.54-2.05 (Humeres et al. ) . It means that the probability of encapsulation of suspended materials is higher in small bubbles than large ones. Therefore, small air bubbles help to take particles out of the tank.
Evaluation of operation parameters

CONCLUSION
The Eulerian-Eulerian approach was used to simulate two phase flow of air and water in the DAF tank. Phase Coupled SIMPLE algorithm was adopted to treat pressure-velocity coupling. The unsteady solver was used to achieve the convergence.
Both the 2D model and the 3D model were constructed to simulate the DAF tank. The simulation for the 2D model cannot reproduce the experimental data, since the 3D feature in the DAF tank cannot be captured. The simulation for the 3D model accorded well with the experimental data. It is recommended that the DAF simulation should be based on the 3D model.
The effects of turbulence models on the prediction of DAF were evaluated in detail. The standard k-ε model, the realized k-ε model and the SST k-ω model predicted a bigger region of low volume fraction of air bubbles than the experimental data. Only the RNG k-ε model reproduced the experimental data.
Large diameter bubbles aggregated to the free surface of water in the separation zone. Small diameter bubbles distributed in the upper part of the separation zone. Thus, small bubbles should be provided in a water treatment plant.
